Po2 during imminent shock 173 tion directly. Experimental and clinical studies were performed to establish the validity of skeletal muscle Po2 assessment as a parameter of tissue oxygenation.
Skeletal muscle Po2
Skeletal muscle Po2 depends upon the balance between the rate of oxygen delivery to tissue and rate of oxygen consumption by tissue (Snyder & Carroll, 1982) . Each of these in turn depends upon a complex series of interrelated factors. Oxygen delivery to muscle depends on blood flow to the muscle, which in turn depends on cardiac output and its distribution to different organs, and on the oxygen content of the blood. Oxygen content of the blood depends on arterial Po2, arterial So2 and haemoglobin concentration. The arterial Po2 depends on the alveolar Po2, ventilation/perfusion ratio and pulmonary diffusing capacity. The alveolar Po2 depends on Fio2 and alveolar ventilation. Oxygen delivery within the muscle depends on the condition of the microcirculation. Significant elements of capillary behaviour are the number of open capillaries, the presence of non-capillary pathways from artery to vein (shunts) and the range of variation in type, length and flow pattern of the capillary bed (heterogeneity) (Duling, 1980) . Perfusion heterogeneity may be present even under physiological conditions (Duling, 1980) . Greater than normal heterogeneity in flow or its distribution in the peripheral microcirculation has the inevitable consequence of making tissue hypoxic (Shoemaker & Reinhard, 1973) . The final determinant of skeletal muscle oxygen tension is the rate at which oxygen leaves the capillary blood and the diffusion of oxygen through the tissue (Grunewald, 1968) . The rate at which oxygen leaves the blood is a function of oxyhaemoglobin dissociation curve (related to temperature, pH, carbon dioxide tension and 2, 3-DPG concentration), the time required by the haemoglobin to release the oxygen (Gutierrez, 1986) and the oxygen solubility in the plasma. Skeletal muscle oxygen tension is not solely dependent upon the rate of oxygen delivery to the tissue, but also depends upon the rate of oxygen consumption by the tissue. If oxygen delivery increases but oxygen consumption increases even more, then tissue oxygen tension decreases (Table 1) .
Skeletal muscle Po2 and shock Correction of cardiac output and arterial oxygen tension in haemorrhagic shock does not necessarily ensure normal tissue oxygenation (Niinikoski & Halkola, 1978) . Adequacy of tissue oxygenation cannot be predicted solely from measurement of arterial Po2 since normal values may be associated with inadequate tissue oxygen supply (Kessler et al., 1976) . Measurement of mixed venous Po2 also does not reliably reflect adequacy of tissue perfusion, as in sepsis mixed venous Po2 and So2 may be elevated due to inadequate oxygen extraction in the microcirculation (Miller, 1982; Orlando 1986) . In this situation oxygen consumption is subnormal and, despite increased arterial oxygen transport, signs of anaerobic metabolism and tissue hypoxia may be present (Danek et al., 1980 (Kessler et al., 1970; Rosenbaum et al., 1972; Furuse et al., 1973; Kessler et al., 1973; Lang et al., 1973; Brantigan et al., 1974; Wakabayashi et al., 1975; Kessler et al., 1976; Niinikoski & Halkola, 1978) .
Tissue oxygen pressure measurements indicate the net result of the simultaneous changes occurring in the factors mentioned above and listed in Table 1 . However, they provide no information as to the cause of such changes (Greene, 1966 (Kreuzer et al., 1980) . The measured oxygen profile is the result of the interference of the diffusion field induced by the electrode with the oxygen field of the muscular tissue. A single measurement is not sufficient and P°2 values at different places in the tissue have to be obtained (Lubbers, 1969 (Lubbers, , 1980 Baumgartl, 1983) . The Po2 data are best represented as an oxygen distribution curve (Lubbers, 1969) . A carefully prepared sensor, a stable polarization voltage, no leaking currents, suitable electrical shielding, and stable and sensitive amplifiers are necessary (Baumgartl, 1983) .
In Nijmegen a recessed polarographic needle electrode was developed. Skeletal muscle Po2 was assessed in the quadriceps femoris muscle using a polarographic needle electrode. The electrode was calibrated before the measurement and positioned in the vastus lateralis of the quadriceps femoris muscle approximately 3-4 cm deep, using a 20-gauge needle as a guiding cannula. The electrode was withdrawn stepwise and after each step of 200 gm a Po2 value was measured. In this way 100 Po2 values from 100 different places in the skeletal muscle were obtained. From these 100 Po2 values the median, representing the skeletal muscle Po2 assessment, was calculated. At the end of each skeletal muscle Po2 assessment the electrode was withdrawn. One complete skeletal muscle Po2 assessment took 5 min. The skeletal muscle Po2 assessments in 31 healthy humans showed a mean of 4-2 kPa and a standard deviation of 1 8 kPa.
EXPERIMENTAL STUDIES
Mass spectrometry and tonometry with an implanted silicone rubber tube have shown that during periods of experimentally induced low cardiac output, tissue Po2 decreased virtually proportionally to decreases in cardiac output (Niinikoski, 1977) . In haemorrhagic shock, Po2 in the gracilis muscle, recorded continuously by means of a platinum multiwire surface electrode according to the technique of Kessler & Grunewald (1969) , decreased very early during the period of decreasing blood pressure (Sinagowitz, 1973) .
We have shown that in experimental haemorrhagic shock skeletal muscle Po2, measured with a recessed needle electrode, decreased early during haemorrhage before arterial blood pressure dropped (van der Kley et al., 1983) (Figure 1) .
In experimental septic shock we found a 52% reduction in skeletal muscle Po2 within 30 min after the start of an E. Coli infusion, while arterial blood pressure was unchanged (van der Kley, 1983; Goris et al., 1984) (Figure 2 ). The early decline of skeletal muscle Po2 found during the onset of E. Coli sepsis may have been caused by a decrease in blood flow to the skeletal muscle due to a decrease in cardiac output, or by redistribution of blood flow in favour of other organs. We studied the relationship between cardiac output and blood flow to skeletal muscle, liver, kidney and intestines during the onset of septic shock. After the onset of E. Coli infusion marked changes occurred in the blood flow to several organs. After the start of the E. Coli infusion the reduction of blood flow to skeletal muscle corresponded with the fall in systolic arterial blood pressure. The decline of blood flow to the skeletal muscle could only partially explain the early reduction of skeletal muscle Po2. Thus during E. Coli septic shock redistribution of blood flow to the vital organs occurred at the cost of the blood flow to skeletal muscle.
During the first 5 min after the start of the E. Coli infusion the oxygen availability to the hindlimb decreased by 18%. At this time the oxygen consumption of the hindlimb was not altered, the oxygen extraction of the hindlimb increased by 32%, femoral venous Po2 decreased by 31% and skeletal muscle Po2 decreased by 52%. The magnitude of these changes and the time relationship provide no satisfactory explanation for the fall in skeletal muscle Po2. The early decline of skeletal muscle Po2 during the start of the E. Coli infusion is not caused by an increased affinity of haemoglobin for oxygen, nor by an increase of oxygen consumption nor by a decreased arterial oxygen content. A reduction in diffusing capacity for oxygen in the skeletal muscle tissue and changes in other determinants of skeletal muscle tissue Po2, as described before and listed in Table 1 , might be important factors in the decrease of skeletal muscle Po2.
Septic shock 1010 E.CoIi/kg in 5ht3-t3 t13 t4 t5 t6 t7 t8 t9 tlO til t12 t13 (Moncrief 1966; Christopher, 1980) . Maintenance of optimal tissue perfusion in these patients is essential for survival as well as to prevent morbidity (Christopher, 1980; Pruitt, 1981; Aikawa et al., 1982) .
Large amounts of infusion fluids are needed to resuscitate severely burned patients. The rate of infusion must be regularly adjusted in each patient. Hourly urinary output is commonly used as parameter for fluid therapy (Christopher, 1980; Cuono, 1980) although its accuracy has been disputed by several authors (Christopher, 1980; Cuono, 1980; Caldwell, 1981; Agarwal et al., 1983) . In fact urinary output is related not only to tissue perfusion but also to serum osmolality (Caldwell, 1979) . The use of a Swan-Ganz catheter has been advocated to determine cardiac output as a more accurate estimate of the circulation than hourly urinary output (Agarwal et al., 1983) . But Swan-Ganz catheterization is not without risk and produces complications in 21 % of cases (Aikawa et al., 1978) .
Skeletal muscle Po2 was studied as a parameter of tissue perfusion in 13 patients suffering from burns of more than 25% body surface area. After 6, 8, 10, 14, 18, 24, 30, 36 and 48 h routine clinical measurements were performed. Skeletal muscle Po2 was measured in the quadriceps femoris muscle using a polarographic needle electrode. The relationship between skeletal muscle Po2 and subsequent resuscitation problems was studied. These problems were defined as a urinary output < 0 5 cc kg h and/or a systolic arterial blood pressure < 90 mm Hg.
Urinary output below 0 5 ml kg-i h-1 occurred in patients with low as well as -high skeletal muscle Po2 values. Skeletal muscle Po2 preceding urinary output problems did not differ significantly from skeletal muscle Po2 prior to periods without urinary output problems. In patients with clinical shock, the skeletal muscle Po2 (the median of all the skeletal muscle Po2 assessments obtained in the patient) was significantly lower than the skeletal muscle Po2 level in patients without clinical shock. Skeletal muscle Po2 preceding clinical shock was significantly lower than skeletal muscle Po2 prior to periods without clinical shock (P= 0-0 1). If skeletal muscle Po2 was above 2-5 kPa no hypotension occurred in the subsequent period of 2-6 h until the next skeletal muscle P°2 assessment.
Skeletal muscle Po2 decreased before hypotension occurred and enabled early detection of impairment of the circulation before arterial blood pressure dropped below 90 mm Hg. Skeletal muscle Po2 significantly increased during the period of investigation and was significantly higher 24-30 h postburn as compared with 6-24 h postburn.
These results are in agreement with low cardiac output and elevated systemic vascular resistance as found by others during the first 24 h postburn Aikawa et al., 1978; Caldwell, 1979) . As burn shock develops gradually, intermittent skeletal muscle Po2 assessment enables early detection of imminent shock and might also be used to evaluate the effectiveness of shock therapy.
Critically ill patients
Oxygen is the most flow limited of all substances necessary for metabolism (Gump et al., 1970) . The oxygen transport system is thus of vital importance for the integrity of cellular metabolism, but one or more of the several components of the oxygen transport system may function abnormally in critical illness. Critically ill patients were studied to establish whether skeletal muscle Po2 assessment could detect developing shock at an early stage and whether skeletal muscle Po2 asssessment could predict the risk of shock during a period after the skeletal muscle Po2 assessment. Measurements were performed according to a fixed protocol. Skeletal muscle Po2 was assessed in the quadriceps femoris muscle using a polarographic needle electrode. All measurements were performed on entry into the study and repeated 2, 4, 6, 8 and 16 h later. The dose of inotropes administered was recorded. For each period, the presence of shock was registered. In some patients shock occurred when inotropic drugs were not administered, in other patients inotropic drug treatment was already instituted. In this study no shock occurred during the study period if skeletal muscle Po2 was normal (> 4-2 kPa, mean value for healthy humans). During the study period significantly more patients had one or more periods of shock when at least one of the values was less than 2-0 kPa (P=0 007). Significantly fewer patients had one or more periods of shock if their skeletal muscle Po2 was at least once above 4 0 kPa (P= 0-015). If skeletal muscle Po2 was below 3 0 kPa, shock was found significantly more often than if the skeletal muscle Po2 was above 3 0 kPa (P < 0 01). If the skeletal muscle Po2 was below 3 0 kPa the risk of shock was 2-3 times higher than if skeletal muscle Po2 was above 3 0 kPa. The predictive value of the median skeletal muscle Po2 assessment in patients not using inotropic agents was even better (P< OhO1). If, in those patients not receiving inotropes, skeletal muscle Po2 was'below 3-0kPa, a positive shock score occurred in 73% of the assessments during the subsequent period of 2 h, and a positive shock score always occurred in the period of 4 h before and 6 h after the skeletal muscle Po2 assessment. These results demonstrate that, in critically ill patients, skeletal muscle oxygenation is decreased before clinical shock occurs.
In patients using inotropes the skeletal muscle Po2 assessment was not predictive when using the 3-0kPa limit (P>0-2). These findings confirm that inotropes such as dopamine, dobutamine or epinephrine may maintain arterial blood pressure by increasing systemic vascular resistance at the cost of peripheral tissue perfusion. However, the use of intropes impaired skeletal muscle oxygenation as the mean of the skeletal muscle Po2 was below 3-0 kPa in 9 out of 10 patients receiving inotropes. In these patients treated with inotropes, shock defined as inadequate tissue oxygenation occurred, but clinical shock as defined by low arterial blood pressure did not occur in four patients.
The early decrease of tissue perfusion in critically ill patients has also been demonstrated by techniques more extensive and invasive than skeletal muscle Po2 assessment. Skeletal muscle Po2 was monitored with a multiwire surface electrode in 55 patients and low values were found to correlate with a low circulatory blood volume (Schonleben et al., 1978) . In another study oxygen partial pressure was measured by using an implanted Silastic catheter in the subcutaneous tissue of the arm in 33 postoperative patients on the day of the operation and the first five post-operative days. Tissue hypoxia was a common finding and was most pronounced immediately after group.bmj.com on August 27, 2017 -Published by http://emj.bmj.com/ Downloaded from abdominal, vascular and cardiac operations. A supplemental bolus of infusion fluid increased low tissue Po2 in all of 19 measurements, implicating hypovolaemia as a common cause of post-operative tissue hypoxia (Chang et al., 1983) . Tissue Po2 measurements were also performed by continuous in vivo measurements with a mass spectrometer in the deltoid muscle of nine patients in shock after severe trauma (Rosenbaum et al., 1972) . Tissue Po2 values were lower post-operatively (27 kPa) despite the maintenance of Pao2 above 13 kPa. In shock low tissue Po2 levels were found (2-0 kPa) (Rosenbaum et al., 1972) .
Further studies are necessary to assess whether keeping skeletal muscle Po2 above 4 0 kPa during all periods of the illness may result in a lower morbidity and mortality of patients at risk.
In conclusion, in critically ill patients skeletal muscle Po2 assessment estimates the severity of shock and is able to predict the risk of shock, provided no inotropes are given.
Skeletal muscle Po2 haemodynamics and oxygen related parameters We studied the relationship between skeletal muscle Po2 haemodynamics and oxygen related parameters in critically ill patients. A significant within patient correlation was found between the skeletal muscle Po2.and arterial So2, mixed venous So2 and arteriovenous oxygen difference, parameters which most closely reflect the balance between oxygen supply and oxygen consumption. This supports the value of the skeletal muscle P°2 assessment in determining the balance between oxygen supply and oxygen consumption in skeletal muscle tissue in critically ill patients. If skeletal muscle Po2 is decreased in critically ill patients, the measurement of haemodynamics, especially the oxygen related parameters such as oxygen extraction, reveal the cause of a decreased skeletal muscle Po2.
Skeletal muscle Po2 and multiple organ failure Multiple organ failure (MOF) is presently one of the leading causes of death in critically ill patients. Mortality is high (59-74%) (Eiseman et al., 1977; Fry et al., 1980; Goris et al., 1985) despite intensive care treatment. The causative factors remain poorly understood (Fry et al., 1980; Goris et al., 1985) , but severe infection, severe metabolic injury, shock, microemboli, complement activation and massive blood replacement have been suggested as initiating factors (Eiseman et al., 1977; Fry et al., 1980; Cerra, 1985; Goris et al., 1985; Nuytinck, 1985) . In these patients regional hypoxia has been suggested to contribute to multiple organ failure (Danek et al., 1980; Cerra, 1985; Goris et al., 1985) and tissue perfusion probably is an important factor for survival (Shoemaker & Czer, 1979; Groeneveld, 1986) . There is at present no study available on tissue Po2 in MOF patients; we therefore studied the relationship between skeletal muscle Po2 and the incidence and severity of multiple organ failure. From each patient a multiple organ failure score (MOF score) was calculated (Goris et al., 1985) . This score measures the severity of organ failure in three gradings and seven organ systems. If the mean skeletal muscle Po2 was below 2-0 kPa, significantly more severe multiple organ failure occurred (MOF score> 5) . The patients with a MOF score above five had a mean skeletal muscle Po2 of 2-4 kPa ± 1-8 SD, whereas the patients with a MOF score of five or less had a mean skeletal muscle Po2 of 3-6 kPa ± 14 SD. These findings suggest that regional hypoxia is related to multiple organ failure.
CONCLUSIONS
Measuring skeletal muscle Po2, as described in this article, is a valuable method to assess skeletal muscle oxygenation. Skeletal muscle Po2 assessment enables to monitor patients at risk, to detect imminent shock, to assess the severity of shock and to evaluate the effects of therapy in a wide variety of experimental and clinical conditions. The consistent finding in all experimental and clinical studies of septic shock performed by others and by us, that tissue Po2 decreases before cardiorespiratory parameters deteriorate, strongly suggests that the initiating event of septic shock is not a decreased oxygen supply to the tissue, but rather a disturbance in the microcirculation, possible maldistribution of blood flow and/or impaired diffusion of oxygen to the mitochondria.
